Abstract-Inductive-based devices integrated with Si technology for biodetection applications are characterized, using simple resonant differential filter configurations. This has allowed the corroboration of the viability of the proposed circuits, which are characterized by their very high simplicity, for microinductive signal conditioning in high-sensitivity sensor devices. The simulation of these simple circuits predicts sensitivities of the differential output voltage which can achieve values in the range of 0.1-1 V/nH, depending on the coil parameters. These very high-sensitivity values open the possibility for the experimental detection of extremely small inductance changes in the devices. For real microinductive devices, both series resistance and parasitic capacitive components contribute to the decrease of the differential circuit sensitivity. Nevertheless, measurements performed using microcoils fabricated with relatively high series resistance and coupling parasitic effects have allowed detection of changes in the range of 2 nH, which are compatible with biodetection applications with estimated detection limits below the picomolarity range.
I. INTRODUCTION

I
MMUNOMAGNETIC biosensors based on the use of superparamagnetic particles (MPs) as the biological markers have received strong interest for the detection and quantification of biological substances [1] - [3] . This interest is motivated by their potential for the development of systems with very high sensitivity, low cost, and high specificity. Among the different sensor strategies, different groups have proposed the use of inductive-based devices, where sensing is determined by the changes in the inductance of a solenoid due to the presence of the MPs in the sample under analysis [1] , [4] - [6] . In relation to other magnetic immunoassays, these biosensors are characterized by their very high simplicity, since in this case, the application of permanent magnetic fields is not necessary for sensor operation. This simplifies the design of the device and its integration in the whole system.
The potential of these inductive devices for the development of high-sensitivity sensors is strongly conditioned to the availability of a suitable signal conditioning circuit. One of the most used approaches is based on the measurement of the resonant frequency of an LC circuit containing the inductive sensor. However, for very high-sensitivity applications, this approach is compromised by the stability required for the oscillator circuit. This has lead Kriz et al. [1] , [4] to use a modified Maxwell bridge in their sensor configuration. This is based on the measurement of the magnetic permeability of a sample formed by silica particles, which wear MPs that are immobilized on their surface through antigen-antibody-antigen sandwich complexes involving the analyte. This system has allowed the achievement of a detection limit of 250 nM using Concanavalin A as the target analyte.
According to Richardson et al. [5] , [6] , an improvement of the sensor sensibility requires the development of conditioning circuits alternative to these classical bridge topologies. These authors have developed a circuit with a voltage-controlled oscillator and a phase-locked loop detector to determine the resonant frequency of an LC circuit, including the sensor solenoid. This allows overcoming the limitations that are related to the stability required for the oscillator. The sensor proposed uses a plastic strip where the MPs are immobilized at the end of the assay, and the amount of bounded MPs on the surface of the strip is determined by measuring the change in the inductance of the measuring coil when the strip is placed in the coil nucleus. This has allowed detection down to 10
5 MPs that are immobilized on the strip surface. The system has been applied to the detection of human transferrin, obtaining a linear response with femtomolar detection limit (260 fM).
On the other hand, the integration of inductive devices in Si technology has several potential advantages as compared to the macroscopic solenoids. These include features related to the fabrication cost, yield, and reproducibility of the planar inductive devices. In addition, the miniaturization of the device dimensions will lead to a significant decrease of the volume of the sample under analysis, with a consequent expected decrease in the cost of the reagents per analysis. This also opens interesting perspectives for the development of more complex systems such as sensor matrices for the analysis of different components or sensors integrated in complex micrototal analysis 0018-9456/$25.00 © 2007 IEEE systems. However, with respect to the currently available inductive sensors based on macroscopic solenoids, microinductances are characterized by the existence of a much higher series resistance due to intrinsic technological limitations when depositing the metal tracks using thin film technologies. This disables the use of the conditioning circuits developed using parallel LC circuits, since the resistance considerably degrades the resonant peak.
An alternative interesting approach for the signal conditioning of the inductive sensor device is proposed by Diaz de Lezama et al. [7] , which analyzes the use of very simple passive filter circuits. The comparative study of different circuit configurations has lead to an optimum design (in terms of both sensitivity and linearity) based on a second-order high pass filter. The simulation of this circuit leads to an overall maximum sensitivity of 8.86 V/mH.
In this framework, this paper analyzes the viability of simple second-order filter circuit topologies for sensor signal conditioning of microinductive devices. In contrast with the previous developments of Diaz de Lezama et al. [7] , the requirements related to the high sensitivity lead to the design of differential configurations working at conditions close to resonance [8] . These circuits are applied to the characterization of microinductive coils, which are incorporated into passive filters made with discrete elements on a printed circuit board (PCB). The analysis of the fabricated prototypes has allowed demonstration of the ability of these very simple circuits for the high-sensitivity detection of the inductive changes from integrated microcoils, in spite of the high series resistance of the devices.
Following is a note about chemical units: Molarity M (= mol/l) is a standard and very convenient concentration unit, which is widely used in chemistry. Molarity is the number of moles of solute dissolved in one liter of solution (not per liter of solvent). Molarity is usually denoted with an italicized capital M, e.g., a 0.50 M solution.
II. CIRCUIT DESCRIPTION AND SIMULATION
The adopted circuit (Fig. 1) is based on two identical coils, where L1 is a reference passive inductance (with series re- sistance R1), and L2 is the sensor inductance (with series resistance R2).
This gives two similar filters connected in parallel, and the difference between the signals V 01 and V 02 is analyzed versus the inductance of the sensor L2. The transfer function of each branch is given by
which corresponds to a high-pass second-order resonant filter with quality factor Q = (Lω o /R) and natural angular frequency ω o = (1/LC) 1/2 . Depending on the parameters of the circuit, this function has a resonant peak at a frequency f p , which is given by the expression
Fig . 2 shows the representation of the module of the transfer function versus the frequency calculated with L = 1000 nH and using different combinations of R (between 10 and 1000 Ω) and C (between 1 nF and 10 pF).
This figure clearly illustrates the strong dependence of the shape and position of the resonant peak on the electrical parameters of the circuit. For the given values of L and R, a decrease of the capacity C leads to an increase of the intensity of the peak, which becomes narrower, as well as an increase in f p . On the other hand, the shape of the peak shows a similar dependence on the resistance R: As R increases, the intensity of the peak decreases, and its width increases. The increase of R may even lead to the disappearance of the circuit resonance. For the values used in Fig. 2 , this occurs for R = 100 Ω, C = 1 nF, and for R = 1000 Ω, C ≥ 100 pF. In principle, if both branches of the circuit have the same values of R, C, and L, the corresponding transfer functions will be identical, and this will result in a null differential output. Then, a change in the value of L2 would determine a change in the transfer function of the corresponding branch, giving rise to a differential output voltage. According to this, the sensitivity of the circuit to the changes of L2 is determined by the sensitivity of the magnitude of the transfer function on the value of L, which is given by its derivative d|H(f )|/dL. This parameter is plotted in Fig. 3 , for a filter with L = 1000 nH, C = 10 pF, and R = 10 Ω. For these values, expression (2) gives a resonant frequency f p = 50.34 MHz.
As shown in Fig. 3 , the sensitivity of the magnitude of the transfer function on the change of L is maximum for frequencies close to f p .
The results of the simulation of the differential circuit versus the value of L2 are plotted in Fig. 4 . This simulation has been performed with a standard circuit simulator (PSpice, [14] ), and assuming V in = 1 V and L1 = 1000 nH, R1 = R2 = 10 Ω, C1 = C2 = 10 pF, with values of L2 between 1000 and 1100 nH. Working with a frequency close to f p = 50.34 MHz gives a differential output sensitivity of S = 339 mV/nH, with a linear behavior for inductance variations ∆L2 ≤ 30 nH. This represents an improvement of more than four orders of magnitude for the circuit sensitivity with respect to that previously reported by Diaz de Lezama et al. [7] working with a single branch nonresonant circuit.
A potential drawback of this circuit is the relatively high value of the resonant frequency f p . Decreasing the working frequency below this value leads to conditions away from resonance, which determines a strong decrease of the sensitivity as well as a degradation of the circuit linearity. An alternative to this is to increase the value of the capacitance in the circuit. In relation to the simulation shown in Fig. 4 , an increase of two orders of magnitude in the value of C (up to 1 nF) leads to a decrease in about one order of magnitude of f p (down to about 5.15 MHz). However, as shown in Fig. 2 , this also gives a decrease and broadening of the resonance peak (1). The decrease in the intensity of the resonant peak leads to a concomitant decrease in the sensitivity of the differential circuit (obtaining in this case a value of S = 5.1 mV/nH). In addition, the broadening of the peak leads to a wider range of linear behavior of the differential output with respect to L2 (in this case, it is ∆L2 ≥ 100 nH).
III. CHARACTERIZATION OF THE MICROINDUCTIVE DEVICES
Microinductive planar coils with a radius of 500 µm were fabricated using two metal levels of Al with 20 (width) × 1.5 µm (height) cross section, each level being formed of by 19 turns. Fig. 5 shows a microscopic image of one of the coils.
To improve the coil sensitivity to the presence of the MPs, a ferromagnetic layer has been deposited in the substrate region of the coil [9] , [10] . For this, Si was etched from the back surface of the Si wafers, leaving the coils onto thin Si membranes, and thin Fe layers were grown on the back surface of the membrane using an electrochemical process.
PCB circuit prototypes have been connected with the microinductive devices, using two adjacent integrated inductances as coils L1 and L2. As already indicated in the previous section, R1 and R2 are the serial resistance of the respective coils, and a capacity value of C = 10 pF has been selected in both branches. The transfer function has been measured between 10 and 60 MHz.
The results of the measurements performed in one of the circuit branches are plotted in Fig. 6 , along with their fitting using the equivalent circuit for the integrated coil shown in the inset of the figure (simulations performed with PSpice).
In this circuit, a capacitance is added in parallel with the inductive and resistive components of the device to model capacitive coupling effects between the metal tracks from the different levels [11] . The full line in the figure has been simulated with R = 62.6 Ω, L = 625 nH, and C = 22.4 pF. As shown in the figure, this gives a good approximation to the experimental data.
The fitting of these data can be improved by adding to the equivalent circuit a resistance r in series with the capacitance. This resistance models dielectric losses in the insulating layers of the device as well as those determined by induced currents in the substrate [11] . This circuit allows to fit more accurately the experimental transfer function, using R = 60 Ω, L = 690 nH, C = 26 pF, and r = 55 Ω.
Obviously, the introduction of the capacitive component in the equivalent coil circuit drastically modifies the shape of the transfer function. This can be observed in Fig. 7 , where the magnitudes of the function calculated without (a) and with (b) the capacitance are compared. As shown in the figure, the presence of the capacitive component induces a decrease in the intensity of the resonant peak and a shift toward lower frequencies.
On the other hand, the comparison of the fitting curves in Fig. 6 reveals that the addition of the resistive component r in series with C does not suppose further significant changes in the shape of the curve. The simulation of the differential output for the circuit configurations corresponding to Fig. 7 leads to sensibility values of S = 10 mV/nH (a) and S = 0.45 mV/nH (b), respectively. According to this, the existence of this capacitive component determines a decrease in the sensitivity of the differential circuit to the changes of L2, as well as a decrease of the optimum working frequency. These data point out the key role of both R and C parameters as limiting factors of the circuit performance, while r does not seem to have a significant effect. Nevertheless, the obtained sensitivity is still more than one order of magnitude higher than that obtained when working with a nondifferential circuit configuration.
IV. RESPONSE TO THE PRESENCE OF MPS:
LIMIT OF DETECTION
The response of the devices has been studied using 2.8-µm-diameter commercially available Dynabeads M-270 Amine particles [12] . The deposition of the MPs on the device surface is performed using a micropipette, which injects a volume of 0.5 µl of a solution with a certain density of MPs over the coil. After evaporation of the solvent (usually deionized water), the MPs remain fixed onto the coil surface. The number of MPs on the surface is determined by counting them from an optical microscopic image.
A previous analysis performed on this kind of device has shown the absence of a quantitative correlation between the inductive changes in the coils and the amount of MPs [9] , [10] . This has been related to the complex dependence of the inductance on the distribution of magnetic particles on the coil surface and compromises the ability of these simple planar devices for the quantification of the analyte content. On the other hand, the experimental data show that the coils connected to the differential filter are sensitive to the presence of a minimum density of 2700 MPs/mm 2 . The measurements of the difference (in magnitude) of the transfer function in both branches of the circuit before and after deposition of the MPs onto the surface of coil L2 are represented in Fig. 8 . As shown, the difference of the transfer functions for the coils without MPs gives a nonnull value in the frequency range between 33 and 45 MHz. This is due to the existence of slight differences (below 1%) in the values of the electrical parameters of adjacent coils in the chips. The figure also indicates some dispersion between the experimental data measured at different times (curves without particles 1 and 2). However, after deposition of the MPs, there is clearly a change in the experimental value of |H1| − |H2| which is higher than the experimental uncertainty. This demonstrates the ability of the circuit prototype to react to the presence of this minimum amount of MPs. Taking into account the input voltage used in these measurements (V in ≈ 200 mV) and the sensitivity calculated for the differential circuit, the change of inductance related to the output variation observed in the figure is estimated to be of ∆L2 ≈ 2 nH.
From the detection threshold of 2700 MPs/mm 2 , a rough estimation of the minimum concentration of analyte can be done, assuming that a minimum of the order of ten molecules of analyte are required to fix a single magnetic particle onto the sensor surface [13] . In addition, there certainly will be molecules that will be fixed on the wrong side of the particle surface (the side away from the active coil surface), and certain amount of molecules may not be involved in the immunological reaction. To take this into account, it is assumed that only 10% of all the molecules of analyte take part in the fixation of the MPs. This gives a simple estimation of the detection limit of the device in the range of 8 × 10 −13 M.
V. CONCLUSION
In this paper, second-order differential filter circuits working at resonant conditions are proposed for the signal conditioning of microinductive sensor devices. These circuits are characterized by a very high simplicity and have been applied to the characterization of planar microinductive coils aimed at biodetection applications (magnetic immunoassay detectors). The analysis of the circuits gives a sensitivity of the differential output in the range of S = 0.45 mV/nH, which is limited by the series resistance and the parasitic capacitive component of the microinductive devices. However, in spite of these effects, this value is more than one order of magnitude higher than that obtained when working with similar circuits with nondifferential configurations. Experimentally, this has allowed the detection of changes down to 2 nH, which allows the detection of a minimum MP density of 2700 MPs/mm 2 , corresponding to a detection limit of the analyte below 1 pM. Optimization of the coils in terms of both resistance and capacitance components would allow a sensitivity improvement of almost four orders of magnitude, with a simulated sensitivity for the differential circuits in the range of 300 mV/nH. These data corroborate the viability of the extremely simple differential circuits for the signal conditioning of microinductive devices for very highsensitivity applications. . ., and industrial projects such as EUREKA, IBEROEKA, and CRAFT's, as well as industrial private contracts. He is the coauthor of more than 400 papers in international specialized journals and a member of international committees and editorial boards in the field of electronic materials and micro-nanotechnology, sensors and actuators, and microsystems.
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